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We measure the anisotropic midinfrared response of electrons and phonons in bulk YBa2Cu3O7 after
femtosecond photoexcitation. A line shape analysis of speciﬁc lattice modes reveals their transient
occupation and coupling to the superconducting condensate. The apex oxygen vibration is strongly
excited within 150 fs, demonstrating that the lattice absorbs a major portion of the pump energy before the
quasiparticles are thermalized. Our results attest to substantial electron-phonon scattering and introduce a
powerful concept probing electron-lattice interactions in a variety of complex materials.
PACS numbers: 74.72.h, 74.25.Kc, 78.47.jg
The interaction of electrons with the crystal lattice rep-
resents one of the most elusive yet pivotal aspects of high-
temperature superconductors (HTSCs). Although purely
phonon-mediated BCS-type pairing fails to explain essen-
tial properties of superconducting (SC) cuprates, convinc-
ing evidence of signiﬁcant electron-phonon contributions
has been provided by angle-resolved photoemission [1–3],
inelastic neutron scattering [4], tunneling [5], and Raman
[6] spectroscopies. For time-integrated techniques it is
difﬁcult, however, to disentangle the interplay between
elementary excitations.
Pump-probe studies have been harnessed to establish a
temporal hierarchy of microscopic interaction processes in
HTSCs following a strong optical perturbation. Near-
infrared [7,8], midinfrared [9], and terahertz (THz) probe
pulses [10] as well as Raman scattering [11] have been
employed to study the recombination of photoexcited
quasiparticles (QPs) and the recovery of the SC con-
densate. A recent time-resolved photoemission study of
Bi2Sr2CaCu2O8þ has analyzed the relaxation of the qua-
siequilibrium electronic temperature assuming a selective
electron-phonon coupling [12]. However, since these ex-
periments do not directly monitor the lattice degrees of
freedom themselves, a more detailed picture of the role of
the various phonon modes during an initial nonthermal
regime has been beyond reach. Ultrafast electron diffrac-
tion has fuelled the hope to follow the evolution of the
lattice directly [13], yet the time resolution has been lim-
ited to the picosecond scale so far.
Here we report a direct and simultaneous observation of
QP and phonon resonances on the same femtosecond scale.
Multi-THz few-cycle pulses monitor the midinfrared con-
ductivity of optimally doped YBa2Cu3O7 (YBCO) as a
function of the delay time  after a near-infrared excitation
by 12-fs pulses. The resonant probe simultaneously traces
the signatures of the SC gap, QP excitations, and two
speciﬁc phonon modes. The dynamics of the phonon line
shapes allows us to monitor vibrational occupations with a
femtosecond resolution and to single out the coupling to
the SC order parameter. We show that hot phonon effects
and the creation of QPs both occur within 150 fs. This fact
indicates extremely fast electron-phonon scattering in
YBCO, in contrast to the usual assumption of a two-
temperature model [14,15].
Optimally doped single crystals of YBCO (Tc ¼ 92 K)
form a prime laboratory for unconventional superconduc-
tivity. All measurements are carried out on as-grown sur-
faces oriented along or normal to the c axis of the twinned
system [16,17]. As seen in the insets in Fig. 1, the direction
of the probe ﬁeld E may be chosen either parallel or
perpendicular to c. Figure 1(a) shows the real part of the
in-plane conductivity (E ? c) in the normal and SC states,
measured by ellipsometry [18]. As the temperature is
decreased below Tc, 1 drops sharply at energies @!<
110 meV due to the opening of a SC gap [19]. A Drude-
like contribution dominates the low-energy edge of the
response even at T ¼ 10 K, as expected for a d-wave order
parameter where nodal QPs exist at ﬁnite temperatures.
According to oscillator sum rules, the spectral weight
deﬁned by the highlighted area in Fig. 1(a) is proportional
to the density of condensed QPs [19].
While the in-plane response is dominated by electronic
excitations, their contribution to the interplane optical
conductivity (E k c) is reduced by 1 order of magnitude
[see Fig. 1(b)]. This is why two phonon modes of B1u
symmetry appear prominently on top of the electronic
background: (i) The narrow resonance at @! ¼ 39 meV
is caused by Cu-O bond bending involving an in-phase
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motion of all oxygen ions within the cuprate bilayers.
(ii) Collective vibrations of the apical oxygen ions located
between the bilayers and the chains account for the con-
ductivity maximum centered at @! ¼ 71 meV [20]. The
bond-bending mode displays an anomalous blueshift and a
slight broadening [Fig. 1(b)] as the system is heated to-
wards Tc [21–24]. At the same time, the apex line changes
from an asymmetric shape in the SC state to an almost
symmetric one above Tc [22]. The origin of this effect will
be discussed in more detail below.
In order to disentangle the ultrafast interplay between
electrons and lattice, we perturb the SC state optically and
trace the induced transition to the normal state with multi-
THz transients. Details about our experimental setup are
given in Ref. [17]. The unique stability of our laser system
allows us to pursue, for the ﬁrst time, ﬁeld-sensitive reﬂec-
tion studies in bulk, single-crystalline YBCO of arbitrary
orientation. The measured transient reﬂectivity provides
direct access [25,26] to the pump-induced changes of the
complex conductivity spectra, ~ð!; Þ ¼ 1ð!; Þ þ
i2ð!; Þ, as a function of energy and the time delay ,
without a Kramers-Kronig transform.
Figure 2(a) and 2(b) depicts the ultrafast response at a
base temperature of T ¼ 20 K. The excitation ﬂuence
of  ’ 0:3 mJ=cm2 is chosen to exceed the saturation
threshold required to suppress superconductivity [17,27].
We ﬁrst discuss the transient in-plane response mapped out
in Fig. 2(a). The pump pulse barely affects the high energy
part of the conductivity, whereas 1ð!Þ is enhanced below
@!  110 meV due to the contribution of photocreated
QPs. The absolute size and the spectral shape of the pump-
induced signal correspond to the conductivity difference
between the SC and normal states [Fig. 2(c)]. The time
evolution of the change of the spectral weight, SQP ¼R
1ð!; Þd!, between 40 and 130 meV is shown in
Fig. 2(d). Interestingly, SQP reaches its maximum with a
delay of 150 fs, distinctly slower than our time resolution
of 40 fs. These data present the ﬁrst direct observation of
the QP density generated during the pair-breaking cascade
on the inherent time scale. The subsequent decay is de-
scribed well by two exponential functions with time con-
stants of 0.4 and 3.7 ps, respectively. The slow part
corresponds to recondensation of QPs into Cooper pairs,
whereas the fast component survives even above Tc and
was associated to a pseudogap in Refs. [7,9].
The situation for E k c is yet richer in detail. While all
essential features discussed in the following are also evi-
dent in1ð!; Þ, the 2Dmap of the absorption coefﬁcient
ð!; Þ illustrates the pump-probe dynamics most ob-
viously [Fig. 2(b)]: Besides a broadband QP contribution
featuring a similar spectral proﬁle as in the case of E ? c,
two narrow minima are superimposed at energies of 38 and
72 meV. These are the ﬁngerprints of pump-induced
anomalies of the phonon resonances. Remarkably, the
various contributions to the total response follow clearly
different dynamics: The spectral weight of the QPs inte-
grated in the energy range from 45 to 60 meV, i.e., between
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FIG. 2 (color). 2D optical pump-THz probe data: (a) Pump-
induced changes 1ð!; Þ as a function of the photon energy
and the pump delay time , for E ? c. (b) Corresponding
changes of ð!; Þ, for E k c. Both experiments are performed
at T ¼ 20 K with  ¼ 0:3 mJ=cm2. (c) Conductivity difference
between normal and SC states (solid curve) for E ? c and
pump-induced 1ð!; Þ at delay time  ¼ 1 ps after photo-
excitation (broken curve). (d) Dynamics of the photoinduced QP
spectral weight as a function the delay time . Dashed curve:
Spectral weight for E ? c integrated between 40 and 130 meV.
Blue line: Spectral weight (scaled by factor 170) for E k c
between 45 and 60 meV. The experimental time resolution is
indicated by the hatched area.
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FIG. 1 (color). Optical conductivity 1ð!Þ of YBCO in the SC
(T ¼ 10 K, solid curve) and normal (T ¼ 100 K, broken curve)
states for (a) E ? c and (b) E k c. Insets: Unit cell of YBCO and
directions of the probe electric ﬁeld. The oxygen ions involved in
the observed vibrations are shown in red. The modes centered at
39 and 71 meV in (b) correspond to the bond-bending and apex
oxygen vibrations, respectively.
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the phonon resonances, shows the same temporal trace as
the in-plane conductivity [Fig. 2(d)]. In contrast, the pump-
induced changes of the phonons are delayed. The most
striking difference is imprinted on the apex phonon, which
exhibits its maximum anomaly as late as 1 ps after photo-
excitation [Fig. 2(b)].
Going beyond this qualitative observation, we introduce
a line shape analysis of the apex mode which will allows us
to single out the microscopic mechanisms underlying the
pump-induced phonon anomaly. Figure 3 depicts selected
spectra of the real and imaginary parts of the c-axis con-
ductivity in the vicinity of the apex mode. Below Tc,1ð!Þ
features a characteristic asymmetric resonance. We de-
scribe the infrared response as the sum of a broadband
electronic conductivity ~elð!Þ and a phenomenological
model [28] of the phonon resonance:
~ð!Þ ¼ ~elð!Þ  0S ð!Aþ i!
2
0Þ!
!20 !2  i!
: (1)
The phonon contribution is deﬁned by the oscillator
strength S, the eigenfrequency !0, and the damping con-
stant . The parameter A accounts for the peculiar asym-
metry of the line shape below Tc. In order to reduce the
number of free parameters, the QP background ~elð!Þmay
be expressed by a linear function of frequency. Also, the
damping  ¼ 2 0:5 THz is found to be almost
temperature-independent. The requirement to reproduce
both real and imaginary parts of the spectra simultaneously
imposes strict boundaries on the three remaining ﬁt pa-
rameters S, !0, and A. As seen in Fig. 3(a) and 3(b), the
midinfrared response of YBCO in thermal equilibrium can
be described convincingly with Eq. (1).
Figure 4(a) and 4(b) displays the resulting ﬁt parameters
A and !0 as a function of temperature. The asymmetry
sharply decreases upon heating towards Tc and levels off
above this temperature. The physical origin of this phe-
nomenon is explained by the coupling between optical
phonons and the Josephson plasmon [24]. In the SC state
the Josephson resonance renormalizes the phonon parame-
ters by modifying local ﬁelds. In the case of the apex mode,
the dominant effect is a strong increase of the asymmetry
parameter which, thus, quantiﬁes the coupling of this mode
to the Josephson plasmon and scales with the density of the
SC condensate. The eigenfrequency !0, on the other hand,
shows a continuous redshift with increasing temperature
[Fig. 4(b)]. This feature is characteristic of an anharmonic
lattice potential, which softens for larger vibrational am-
plitudes. Consequently, the frequency shift of the apex
phonon may be exploited as a sensitive probe of the vibra-
tional occupation.
This idea opens up fascinating new perspectives in
combination with ultrafast nonequilibrium measurements:
Because of the excellent spectral resolution of our 2D
multi-THz data, the model function of Eq. (1) can be
numerically adapted to the transient conductivity spectra
with high conﬁdence as exempliﬁed in Fig. 3(c) and 3(d).
The dynamics of the phonon parameters is, thus, mapped
out on a femtosecond scale [Fig. 4(c) and 4(d)]. Starting
from the SC state [blue dots in Fig. 4(c)], the asymmetry of
the apex mode decreases within   150 fs, mimicking the
trace of condensate depletion. Analogously, the relaxation
to the initial line shape asymmetry follows the QP recom-
bination with a typical time constant of about 4 ps, con-
ﬁrming phonon-plasmon coupling as the microscopic
origin of the asymmetry. Note that, unlike thermal activa-
tion above Tc, ultrafast optical excitation suppresses the
asymmetry entirely for  < 1 ps. This fact represents a
clear manifestation of the extremely nonequilibrium state
of the system at early delay times.
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FIG. 3 (color). Spectra of the optical conductivity 1ð!Þ and
2ð!Þ of YBCO for E k c: (a),(b) Equilibrium spectra at se-
lected temperatures; (c),(d) transient spectra at selected pump-
probe delay times  measured at T ¼ 20 K with  ¼
0:3 mJ=cm2. The solid lines show the ﬁtting curves according
to Eq. (1).
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FIG. 4 (color). (a) Asymmetry factor and (b) eigenfrequency
of the apex mode as functions of temperature. (c),(d) The
corresponding quantities as functions of the pump-probe delay
time . The blue dots and red diamonds denote excitations of the
SC (T ¼ 20 K) and normal state (T ¼ 100 K), respectively. The
error bars indicate 95% conﬁdence intervals for the ﬁtting
parameters.
ht
tp
://
do
c.
re
ro
.c
h
3
Remarkably, the eigenfrequency of the apex mode [blue
dots in Fig. 4(d)] experiences an abrupt redshift within
150 fs after photoexcitation, i.e., during the onset of the
electronic response, and reaches its extremum within
300 fs. The maximum photoinduced softening of the lattice
resonance is comparable to the effect induced by a thermal
phonon population at T  200 K. We thus infer that the
optical pump causes a hot phonon population of the apex
mode. Subsequently,!0 relaxes to a value which is slightly
reduced with respect to the equilibrium level at T ¼ 20 K.
The relaxation time of 1 ps [see Fig. 4(d)] is substantially
faster than the QP condensation, which further conﬁrms
that the phonon softening is not governed by the coupling
to the Josephson plasmon. We suggest that the rapid re-
covery of !0 is explained by a redistribution of the excess
energy by phonon-phonon scattering into the large phase
space of the entire Brillouin zone.
The damping of the apex mode corresponds to a phonon
lifetime of 2 ps, which exceeds the observed relaxation
time signiﬁcantly. This ﬁnding shows that phonon-phonon
scattering is faster during the hot nonequilibrium state after
photoexcitation as compared to a thermal distribution. Ad-
ditional evidence for a hot phonon population as the main
cause of the redshift of the apex mode is provided by the
dynamics in the normal state [red diamonds in Fig. 4(d)],
where !0 follows a quantitatively similar trace. The asym-
metry parameter in the normal state, in contrast, shows a
substantially reduced change owing to the absence of a
macroscopic condensate [red diamonds in Fig. 4(c)] [29].
Our analysis, thus, allows us to disentangle the femto-
second dynamics of the QPs and speciﬁc lattice modes, for
the ﬁrst time. The results clearly indicate that a major
portion of the absorbed pump energy is transferred to the
phonon subsystem within 150 fs. Further evidence support-
ing this argumentation comes from an energy balance of
the pump-induced transition into the normal state. The
energy density of ’10 J=cm3 required to suppress the SC
phase optically [17,27] is much higher than the thermody-
namically determined condensation energy of 1:2 J=cm3
[30]. Following the lines of Ref. [8], only the phonon
subsystem possesses sufﬁcient heat capacity to dissipate
the high excess energy of the pump pulse. It is worth
comparing this situation with the so-called two- or three-
temperature models [12,15], which have been established
assuming the electron-phonon scattering rate to be negli-
gible as compared to electron-electron interaction. This
hierarchy of scattering processes put forward in the context
of normal metals [15] or HTSCs like Bi2Sr2CaCu2O8þ
[12] does not hold in the case of YBCOwhere a hot phonon
population and pair breaking occur on comparable time
scales.
In conclusion, we present the ﬁrst resonant femtosecond
observation of both electronic and phononic degrees of
freedom in a HTSC. Recording a photoinduced SC-to-
normal transition with few-cycle multi-THz pulses pro-
vides qualitatively new insight into the electron-phonon
interaction in YBCO. The lattice absorbs a large portion of
the pump energy, while the photoexcited charge carriers
thermalize and the condensate is depleted. The results indi-
cate strong electron-phonon scattering and introduce a
powerful approach to measure the phonon occupation
and the coupling to the SC condensate, on a subcycle
temporal scale and in a broad variety of strongly correlated
material systems.
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